Background: Previously, the ⑀4 allele of apolipoprotein E (APOE) was reported to have a significant association with a decreased risk of age-related macular degeneration (AMD). In addition, the ⑀2 allele of APOE was reported to be possibly associated with an increased risk of AMD.
A GE-RELATED MACULAR degeneration (AMD) is the leading cause of blindness in the United States and in other industrialized nations. 1 It accounts for approximately half of all new cases of registered blindness in developed countries. 2 The prevalence of late AMD has been found to be 7.1% among individuals older than 75 years. 1 Late AMD is defined as the presence of either neovascularization or geographic atrophy. Both forms of late AMD are often responsible for significant vision loss, with neovascularization being responsible for most cases of legal blindness. 3 Photocoagulation and photodynamic therapy have been established as effective treatments for certain cases of neovascular AMD, but treatment benefits are limited. [4] [5] [6] [7] Currently, there is no established treatment for geographic atrophy.
Apolipoprotein E (APOE) is a polymorphic protein and a component of plasma and cerebrospinal fluid. It acts as a ligand for the low-density lipoprotein (LDL) receptor gene family. Apolipoprotein E-containing lipoproteins transport triglycerides to peripheral tissues and function in cholesterol homeostasis. There are 3 common alleles of APOE that encode the isoforms E2 (Cys112, Cys158), E3 (Cys112, Arg158), and E4 (Arg112, Arg158). 8 These isoforms vary significantly in structure and function.
The ⑀4 allele of APOE is associated with a variety of disorders and phenomena. It is identified with higher plasma cholesterol and LDL concentrations, 9 as well as decreased longevity. 10 It has been shown to be a risk factor for cardiovascular disease, stroke, and Alzheimer disease. Apolipoprotein E4 negatively affects response to head trauma and increases cognitive decline in the elderly. It also increases risk for other neurological disorders involving ␤-amyloid peptide deposition such as cerebral amyloid angiopathy, Lewy body dementia, and dementia asso- ciated with Down syndrome. 11 Drusen, a hallmark of AMD, are deposits found between the basal lamina of the retinal pigment epithelium and the inner collagenous layer of the Bruch membrane. Interestingly, APOE has been shown to be a ubiquitous component of drusen, and to accumulate in the cytoplasm of overlying retinal pigment epithelial cells. 12 The ⑀4 allele of APOE was initially reported to be associated with a decreased risk of exudative AMD. 13 In other studies, 14, 15 the ⑀4 allele was reported to be associated with a decreased risk of late AMD, while the ⑀2 allele of APOE was associated with a slightly increased risk of late AMD. Recent studies suggest that the association of the APOE ⑀4 allele with a decreased risk for AMD occurs primarily in those individuals with a family history of AMD. 16, 17 In this article, we investigated the relationship between APOE and AMD in medium-to large-sized families with 3 to 12 living affected members (mean, 5 affected members). In addition, we compared the APOE genotype and allele frequencies in a series of unrelated AMD patients with a control group of individuals without AMD.
EPIDEMIOLOGY

METHODS
Apolipoprotein E genotypes were determined in 4 study populations. The first population consisted of affected individuals (n=259) in families with AMD. Affected status was defined as geographic atrophy, neovascularization, or extensive drusen. 18 The second population consisted of unaffected individuals (n=207) from this same set of families. All families (n=56) had a minimum of 3 living affected members. The families were recruited as part of an ongoing study of the genetics of AMD. The third population consisted of unrelated affected individuals (n=104) with late AMD (geographic atrophy or neovascularization) who were recruited from clinical practices at the Casey Eye Institute (Portland, Ore). These were further subdivided on the basis of a family history of AMD (any first-or second-degree relative, living or deceased, reported to have had AMD). The fourth population consisted of unrelated control subjects (n=88) recruited from the clinical practices and clinics at the Casey Eye Institute, and spouses (n=25) in AMD families. In all individuals, the diagnosis of AMD was established on the basis of clinical examination and fundus photographs. In accordance with Institutional Review Board of Oregon Health & Science University approval, informed signed consent was obtained from all study participants.
Subjects in all 4 study populations were white. Unrelated patients with AMD, control subjects, and in most cases, family probands, resided in the northwest portion of the United States. Although females were overrepresented in all populations (Table 1) , there was no significant difference in their numbers between unrelated affected individuals and controls (P=.36), or between affected and unaffected family members (P=.21). There was a significant difference, however, in the mean age of unrelated AMD patients vs control subjects (78.4 vs 72.5 years, respectively) and affected vs unaffected family members (73.2 vs 59.0 years, respectively) by t test analysis.
Approximately 20 mL of blood was collected from each subject, and DNA was extracted by standard techniques. The APOE genotype was determined by means of HhaI restriction analysis 19 of a 237-base-pair polymerase chain reaction (PCR) product, which was generated using the primers 5Ј-GGGCACGGCTGTCCAA-3Ј and 5Ј-ATAAGAATTCCCCG-GCCTGGTACACT-3Ј. The second primer carried a 9-base noncomplementary 5Ј extension that allowed the APOE genotype to be more readily discerned because of greater separation between 2 gel bands associated with genotypes involving the APOE ⑀2 and ⑀4 alleles. HhaI digests of PCR products were loaded on a 10% nondenaturing polyacrylamide gel and electrophoresed at 600 volts for 1 hour in a GenePhor apparatus (Amersham Pharmacia, Piscataway, NJ) at 15°C.
Genotype and allele frequencies deviating from those expected under the null hypothesis were tested using the Pearson 2 analysis. To adjust for the effect of age, logistic regression was performed using the APOE ⑀4 (or ⑀2) carrier status as the independent variable (ie, each person carrying 1 or 2 copies of the ⑀4 allele is coded as having the ⑀4 carrier status) and age as a covariate.
In families, the ILINK program 20 was used to estimate haplotype frequencies of relevant APOE AMD haplotypes, first by allowing for allelic association, and then under the assumption of independent assortment. The maximum likelihood estimates were used to construct a likelihood ratio test for the association of ⑀4 (or ⑀2) with AMD. Under the hypothesis of association, the frequencies of the 4 possible haplotypes are estimated directly using maximum likelihood. Under the hypothesis of no association, the haplotype frequencies are calculated from the independently estimated allele frequencies. The resulting likelihood ratio test has 1 degree of freedom, and hence, 2ln (likelihood) is distributed as a 2 statistic with 1 degree of freedom ( 2 1 ). All estimates used our standard model for the inheritance of AMD, 18 which accounts for the agedependent penetrance of AMD.
In addition, the association of APOE ⑀4 or ⑀2 with AMD was evaluated using the pedigree disequilibrium test (PDT). 21 Statistical analyses were performed using SYSTAT 8.0 for Windows, and SPSS 10.0 for Macintosh (SPSS Inc, Chicago, Ill). Since previous published reports 13, 14 had shown an effect of APOE, P values are denoted as 1-sided where appropriate.
RESULTS
FAMILIAL CASES OF AMD
We detected no significant difference in the frequency of APOE alleles (by simple allele counting) ( between those affected with AMD and those unaffected in the 56 families with 3 or more affected individuals. The frequency of the ⑀4 allele of APOE was 12.4% in affected and 14.3% in unaffected family members. This is not significantly different by 2 analysis (P=.15; 1-sided). Neither is the frequency of APOE ⑀2 significantly different between affected and unaffected family members (P=.44; 1-sided). Similarly, there was no significant difference in the frequency of any of the 6 possible genotypes between affected and unaffected family members (Table 2) .
Logistic regression, adjusted for age, failed to reveal any association between the ⑀4 carrier status of APOE and AMD in this same set of families. The odds ratio for APOE ⑀4 was 0.91 (95% confidence interval [CI], 0.50-1.63; P=.37, 1-sided). Logistic regression also did not suggest any association between the ⑀2 allele of APOE and familial AMD. The odds ratio for APOE ⑀2, adjusted for age, was 1.22 (95% CI, 0.74-1.99; P= .22, 1-sided).
A possible association between either APOE ⑀4 or APOE ⑀2 and AMD in families was also evaluated by comparing the likelihood of observing the data while allowing for allelic association to the likelihood ( Table 3) of observing the data with no association (ie, random segregation of the APOE allele and the AMD locus). Since the directly estimated haplotype frequency (AMD, ⑀4=12.5%) is greater than that assuming no association (AMD, ⑀4=9.42%), a weak causative rather than protective effect is suggested for APOE ⑀4 in AMD families. However, this association is not significant ( 2 =0.63; P=0.43). Also, since the directly estimated haplotype frequency (AMD, ⑀2=0.0025%) is less than that assuming no association (AMD, ⑀2=4.53%), a weak protective rather than causative effect is suggested for APOE ⑀2 in AMD families. However, neither is this association significant ( 2 =2.0; P=.15). The PDT sum statistic was used to observe any differences in transmission of either the APOE ⑀4 or ⑀2 allele to affected and healthy offspring. This test also failed to show any evidence of an association with AMD in families. Overall, 43 affected and 40 unaffected siblings were used in the test. There were 8 observed transmissions of the APOE ⑀4 allele to affected siblings compared to 13 transmissions to unaffected siblings (standard normal deviate, z=0.457; P =.32, 1-sided). For the APOE ⑀2 allele, there were 11 observed transmissions to affected siblings and 11 transmissions to unaffected siblings, which is also not significant (z = 0.436; P = .33; 1-sided). It is known that misclassification of younger at-risk individuals as unaffected reduces the power of the PDT. 21 In an attempt to correct this problem, we repeated the above analysis using only older unaffected siblings (age, Ͼ75 years). However, the results of the analysis remained nonsignificant (data not shown).
UNRELATED CASES OF AMD
A set of unrelated AMD patients was also evaluated for an association between AMD and the common polymorphisms of APOE. The frequency of APOE ⑀4 was 9.1% among unrelated patients and 12.4% among control subjects (Table 4) . By 2 analysis, these frequencies were not significantly different (P = .14, 1-sided). Similarly, the frequency of the ⑀2 allele was not significantly different from that of the control group (P=.33, 1-sided). Neither was there a significant difference in the relative frequencies of any of the 6 genotypes, between the group of unrelated patients and controls. By 2 analysis, genotypes in both the unrelated AMD patient and control groups were in Hardy-Weinberg equilibrium with their respective allele frequencies (unrelated AMD cases: 2 =1.8, P=.60; control subjects: 2 =1.4,
P=.70).
A logistic regression analysis also failed to show an association between the ⑀4 allele of APOE and AMD among unrelated patients. Without adjusting for the effects of sex and age, the odds ratio was 0.67 (95% CI, 0.34-1.30; P=0.12, 1-sided). The influence of sex on the analysis of the model was not significant (P = .07), however the influence of age was highly significant (P Ͻ .001). The age-adjusted odds ratio was slightly lower at 0.61 (95% CI, 0.29-1.27; P = .09, 1-sided), but it was still not significant. It is possible that the differences in age between the cases and controls in our sample reduced the power of the association analysis.
Because the inclusion of spouses ascertained from AMD families could affect the conformity of our control study population, the analysis was repeated without spouses. However, the genotype and allele frequencies did not change significantly (data not shown). This analysis also failed to demonstrate a significant difference in allele frequencies between unrelated AMD patients and control subjects.
Finally, unrelated AMD cases were subdivided further into 2 groups: those that mentioned a family history of AMD (any first-or second-degree relative), and those that did not mention one. Unrelated patients with a family history of AMD are distinct from our families with AMD since this set of unrelated patients does not meet our requirement of 3 living affected members. Although the frequency of the ⑀2 and ⑀4 genotypes of APOE did not differ significantly between either group of patients and controls, unrelated AMD patients with a positive history had a frequency of APOE ⑀4 of only 6.8%, compared with 12.4% for control subjects (Figure) .
COMMENT
We found no statistically significant associations between APOE gene polymorphisms and familial AMD using 4 different methods of analysis. Specifically, in contrast to previous reports, we found no evidence for either a protective effect of APOE ⑀4 [13] [14] [15] or a causative effect of APOE ⑀2
14,15 on AMD risk. Also, we found no statistically significant associations between APOE gene polymorphisms and AMD among unrelated patients. However, there was a trend toward a lower APOE ⑀4 frequency (ie, a protective effect as seen previously) among unrelated patients with a positive family history of AMD. It is worth noting that this trend is much weaker than the deviations observed in previous studies. For example, the age-adjusted odds ratio of 0.61 in our logistic regression analysis is less extreme than the odds ratio of 0.43 in the study of Klaver et al 14 or 0.3 in the study of Simonelli et al. 15 Our failure to find a significant association between APOE and risk for AMD in unrelated AMD cases could result from either the effect being smaller or nonexistent in our AMD population, or the effect being more difficult to detect because of a lower frequency of the APOE ⑀4 allele in our control population. Using the APOE ⑀4 frequency of 15.6% among control subjects and 6.8% among AMD cases as in Klaver et al, 14 our power to detect an association in our unrelated patient population was predicted to be 0.91 (1-sided test at P=.05). However, given our actual frequencies of APOE ⑀4 in control subjects (12.4%) and unrelated AMD patients (9.1%), our power was only 0.29.
Stratification of the unrelated cases by the criterion for a positive family history of AMD notably reduced the frequency of the APOE ⑀4 allele among unrelated patients to a value equivalent to that reported in Klaver et al 14 (0.068). However, the association still wasn't significant, due in part to our smaller sample size. Recently, the association between AMD and APOE ⑀4 has been reported to involve familial AMD cases of those younger than 70 years as opposed to sporadic cases. 16, 17 Interestingly, this collection of AMD families included single confirmed cases of AMD who reported an additional family member with AMD. Therefore, the families collected in this recent study more closely resemble our set of unrelated AMD patients with a family history of AMD, than our collection of medium to large AMD families.
Although one cannot rule out insufficient power as an explanation for the lack of an association between APOE and AMD in our families, another plausible explanation stems from our selection bias for families with 3 or more living individuals (average, 5 individuals) affected with AMD. Age-related macular degeneration in such families may be caused by genes associated with greater genetic risk than that associated with APOE, and that thus have masked its effects. Conceivably, the association of APOE ⑀4 with AMD may be observed most readily in small families similar to our set of unrelated patients with a family history of AMD. Investigation of the APOE polymorphisms in such families seems warranted to further define the role of this gene in the etiology of AMD. Effect of family history on apolipoprotein E (APOE) allele frequency in unrelated age-related macular degeneration (AMD) cases, and comparison of ApoE ⑀4 and ⑀2 allele frequencies among control subjects, unrelated cases of AMD, and the subset of unrelated cases with a family history of AMD (any first-or second-degree relative with AMD). The total number of unrelated cases with a family history of AMD was 22.
